We present cross sections for elastic collisions of low-energy electrons with acetic acid. We employed the Schwinger multichannel method with pseudopotentials in the static-exchange and static-exchange plus polarization approximations, for energies ranging from 0.1 to 10 eV. We found a ‫ء‬ shape resonance around 1.7 eV, corresponding to the AЉ symmetry of the C s group. This resonant state was assigned to the experimental dissociative electron attachment peak at 1.7 eV yielding CH 3 COO − + H. We also performed a series of electronic structure calculations using a small basis set for acetic, formic, and trifluoroacetic acids, which exhibit a similar behavior with respect to the dissociative electron attachment. We believe that hydrogen elimination triggered off by electron capture into a ‫ء‬ resonance could be a general property of carboxylic acids.
I. INTRODUCTION
After the discovery by Boudaïffa et al. ͓1 ,2͔ that secondary electrons, which are produced by the ionizing radiation, are responsible for single-and double-strand breaks in DNA, studies of electron collisions with biological molecules became an important subject. DNA is a complex system and therefore studies of electron collisions with smaller biological systems ͑acids, alcohols, hydrocarbons, DNA building blocks͒ can provide information which help in understanding the behavior of DNA under interactions with slow electrons.
Among the simplest organic molecules we can cite formic ͑HCOOH͒ and acetic ͑CH 3 COOH͒ acids. Regarding interactions with slow electrons, formic acid has received more attention than acetic acid. Electron collisions with formic acid have been investigated both experimentally ͓3-6͔ and theoretically ͓7-11͔. These studies reported a shape resonance around 1.9 eV which is responsible for the dissociative electron attachment ͑DEA͒ of formic acid yielding HCOO − and H as products. In particular, Rescigno et al. ͓9͔ elucidated the mechanism for dissociation of the O u H bond through the ‫ء‬ resonance localized on the C v O bond. Hydrogen elimination along the O u H bond arises from a conical intersection between the ‫ء‬ ͑AЉ͒ anion state and a dissociative ͑AЈ͒ anion state, involving symmetric stretch ͑C v O, Cu O͒ and symmetry breaking ͑out-of-plane rotation of the C u H bond͒ vibrational modes. The reaction thus takes place in a two-step mechanism, namely, electron capture in the ‫ء‬ resonance followed by dissociation through a diabatically coupled AЈ state.
There are fewer studies concerning electron collisions with acetic acid. Most are experimental studies ͓3,4,12,13͔
and their main focus was in the DEA. Experiments by Pelc et al. ͓3, 4͔, Sailer et al. ͓12͔, and Prabhudesai et al. ͓13͔ reported the existence of a shape resonance around 1.5 eV responsible for the DEA yielding CH 3 COO − and H as products. Sailer et al. ͓12͔ reported another low-energy resonance around 0.75 eV that would be responsible for the DEA yielding CH 2 O 2 − and CH 2 as products. In order to help the interpretation of their results, Sailer et al. also performed small basis set electronic structure calculations. Based on the results of these calculations they assigned the 0.75 eV resonance to the lowest unoccupied molecular orbital ͑LUMO͒ and the 1.5 eV resonance to the LUMO+ 1. The only theoretical study computed ionization cross sections by electron impact of acetic acid using the binary-encounter-Bethe model ͓14͔.
Another acid that resembles formic and acetic acids is the trifluoroacetic acid ͑CF 3 COOH͒. Langer et al. ͓15͔ discussed the DEA to trifluoroacetic acid and they found a resonance at around 1 eV which dissociates CF 3 COOH into CF 3 COO − and H. The DEA for these three acids seems to be similar since processes are triggered off by a ‫ء‬ resonance located on the C v O bond causing a O u H bond breaking.
In the present work we report cross sections for lowenergy electron collisions with acetic acid from 0.1 to 10 eV. We employed the Schwinger multichannel method with pseudopotentials in the static exchange and in the static exchange plus polarization approximations. Our main purpose is to investigate the existence of shape resonances at low energies and to assign them to the symmetries of the C s group. We also carried out electronic structure calculations using a small basis set for acetic, formic, and trifluoroacetic acids. This procedure is often employed in experimental and theoretical works ͓12,16͔ and helps in the characterization of shape resonances orbitals and energies. In the present case, these results would help in the discussion on the ‫ء‬ resonance of acetic acid.
In Sec. II we discuss our computational procedures. We then present and discuss our results, comparing them with available experimental data and with other theoretical results. We end this paper with a brief conclusion.
II. THEORY
We employed the Schwinger multichannel method ͑SMC͒ ͓17-19͔ with pseudopotentials ͓20͔ to compute the elastic cross sections. Since the SMC method has been described in detail in several publications here we will only discuss the relevant points to the present calculations.
In the SMC method the working expression for the scattering amplitude ͑in the body frame͒ is given by
where the ͕ m ͖ represents a basis set of ͑N +1͒-electron symmetry-adapted Slater determinants ͓configuration-state functions ͑CSFs͔͒. These CSFs are constructed from products of target states with one-particle wave functions. For calculations carried out in the static-exchange approximation, the ͑N +1͒-electron basis set is constructed as follows:
where ͉⌽ 1 ͘ is the target ground state ͑represented by a single N-electron Slater determinant͒, ͉ m ͘ is an one-electron function, and A is the antisymmetrizer. For calculations carried out in the static-exchange plus polarization approximation, the above set is enlarged by CSFs constructed as
where ͉⌽ m ͘ are N-electron Slater determinants obtained by single excitations from the occupied ͑hole͒ orbitals to a set of unoccupied ͑particle͒ orbitals. ͉ n ͘ is also an one-electron function and A is the antisymmetrizer. The d mn matrix elements are given by
and the A ͑+͒ operator can be written as
͑3͒
In the above equations S k ជ i͑f͒ is an eigenstate of the unperturbed Hamiltonian H 0 , given by the product of a target state and a plane wave with momentum k ជ i͑f͒ ; V is the interaction potential between the incident electron and the target; Ĥ ϵ E − H is the total energy of the collision minus the full Hamiltonian of the system, with H = H 0 + V; P is a projection operator onto the open-channel space and G P ͑+͒ is the freeparticle Green's function projected on the P space.
Our calculations were carried out in the static-exchange ͑SE͒ and in the static-exchange plus polarization ͑SEP͒ approximations. The ground-state molecular geometry was optimized using the package GAMESS ͓21͔ at the second-order Møller-Plesset level ͑MP2͒ using a TZV+ + g͑2d , p͒ basis set in the C s point group. The geometrical structure of acetic acid is shown in Fig. 1 , generated by McMolPlt ͓22͔. We employed the norm-conserving pseudopotentials of Bachelet et al. ͓23͔ to replace the core electrons of carbon and oxygen. The Cartesian Gaussian functions used to represent the target ground state and the scattering orbitals for carbon and oxygen are shown in Table I and were generated according to Ref. ͓24͔. The basis set for hydrogen shown in Table II consists of the 4s ͑contracted to 3s͒ basis set of Dunning ͓25͔, augmented with one p-type function with exponent 0.75.
As discussed above, to take polarization effects into account we considered single excitations from the hole ͑occu-pied͒ orbitals to a set of particle ͑unoccupied͒ orbitals. In the present calculations we considered all valence occupied orbitals as hole orbitals. We employed modified virtual orbitals Acetic acid has a permanent dipole moment. The computed value of 1.99 D agrees well with the experimental value of 1.70 D ͓28͔. To take the long-range character of the dipole interaction into account, our differential cross sections were calculated with the Born closure scheme described in Ref. ͓29͔ . The lower partial waves of the scattering amplitude ͑up to ᐉ SMC ͒ are described with the SMC approach and the higher ones ͑ᐉ Ͼ ᐉ SMC ͒ with the Born approximation for the dipole-moment potential. In the present SE calculations, we used ᐉ SMC = 4 at 3 eV and ᐉ SMC = 5 at 5, 7, and 10 eV. In the SEP calculations, ᐉ SMC = 3 at 3 eV and ᐉ SMC =4 at 5 eV, and ᐉ SMC = 5 at 7 and 10 eV. The ᐉ SMC values were chosen to minimize the difference between the differential cross sections ͑DCS͒ obtained with and without the Born correction at large scattering angles ͑ Ͼ 40°͒.
To analyze the origin of some structures found in the cross section of the AЈ symmetry, we employed a procedure developed by Chaudhuri et al. ͓30͔ , consisting of two steps. The first step is the diagonalization of the operator,
represented in the basis of the configurations ͕͉ m ͖͘, where V and P have been defined and H is the same as Ĥ , though calculated at a fixed energy, according to Ref. ͓30͔. Once the eigenvalue problem is solved, Ṽ ͉ m ͘ = v m ͉ m ͘, the eigenvectors associated with the smallest ͉v m ͉ are removed, and the scattering amplitude is obtained with the reduced ͑N +1͒-particle trial basis, ͕͉ m ͖͘. This procedure has successfully identified and removed spurious structures arising from numerical linear dependence in scattering basis set.
III. RESULTS AND DISCUSSION
In Fig. 2 we show the integral cross section for the acetic acid obtained in the SE and SEP approximations. These cross sections display three structures. In order to assign these structures to the corresponding symmetries of the C s group, we obtained the symmetry decomposition of the cross sections, shown in Fig. 3 . There are two structures belonging to the AЈ symmetry and one structure belonging to the AЉ symmetry.
In order to investigate the origin of the two structures in the AЈ cross section, we performed the numerical analysis described above for the SE cross section; a similar analysis for the SEP cross section would be very time consuming. By diagonalizing the operator in Eq. ͑4͒ and gradually removing the weakly coupled eigenstates, the structure located around 8.5 eV disappeared. The other structure remained at the same position, though with smaller magnitude. We also found that these two structures are associated with large angularmomentum components; ᐉ = 5 for the structure at lower energy and ᐉ = 4 for the structure at higher energy. In view of these unexpectedly high partial waves and the cross-section behavior upon the removal of singular configurations, we believe these AЈ structures are spurious.
In Fig. 4 we show the computed differential cross sections at 3, 5, 7, and 10 eV in the SE and SEP approximations. For both approximations, results obtained with and without the Born correction are shown for comparison purposes. Polarization effects are important at 3, 5, and 7 eV, though SE and SEP results become closer at 10 eV. The long-ranged dipole interaction impacts the differential cross sections at scattering angles below ϳ40°, as expected. Experimental data of Vizcaino et al. ͓5͔ for formic acid are also shown in Fig. 4 for comparison, since acetic and formic acid have similar structures, R u COOH, with R v CH 3 and R v H, respectively. In general, the calculated cross sections for acetic acid are close to the experimental results for formic acid, suggesting that low-energy electron scattering is dominated by the carboxyl moiety. However, the acetic acid DCS at 10 eV is d-wave shaped, while formic acid displays a p-wave pattern; this coupling of higher partial waves could be understood as a fingerprint of the methyl group.
Turning attention to the ‫ء‬ resonance in the AЉ integral cross section ͑Fig. 3͒, we note that it shifts from 4.5 eV in the SE approximation to 1.5 eV in the SEP approximation. The SEP result agrees well with the experimental value of 1.5 eV. Sailer et al. ͓12͔ reported another resonance around 0.75 eV and claimed it would be responsible for the formation of CH 2 O 2 − . With the help of electronic structure calculations, these authors assigned the resonant features at 0.75 and 1.5 eV to the LUMO and LUMO+ 1, respectively. We mention that Prabhudesai et al. ͓13͔ did not observe a resonance around 0.75 eV, and the present calculations do not support the existence of a AЈ resonance either.
In order to clarify this point, we carried out electronic structure calculations using GAMESS. Following Sailer et al. ͓12͔ , we optimized the ground-state geometry at the MP2 level of correlation using a 6 -31g͑1d͒ basis set and then calculated the energy at the Hartree-Fock level using a double zeta valence basis set. The resulting LUMO and LUMO+ 1 belong to the AЉ and AЈ symmetries, respectively. According to these results, the LUMO would be responsible for the formation of CH 3 COO − ͑the 1.5 resonance͒, and not of CH 2 O 2 − as pointed out by Sailer et al. ͓12͔ . The AЉ LUMO is consistent with a ‫ء‬ resonance, and though the products of the hydrogen elimination reaction ͑H 3 CCOO − +H͒ have AЈ symmetry, this result can be understood on the basis of the mechanism proposed for dissociation in formic acid, namely, the capture in a ‫ء‬ resonance diabatically coupled to a dissociative AЈ state. Finally, we mention that no resonance at the AЈ symmetry was reported by Rescigno et al. ͓9͔ for formic acid, though a question was raised on the existence of a virtual state.
We also carried out electronic structure calculations for formic and trifluoroacetic acids. Geometry optimizations and Hartree-Fock energies were obtained with the same procedure described above for acetic acid. For both molecules, the symmetry assignments for LUMO and LUMO+ 1 are the same as in acetic acid ͑AЉ and AЈ, respectively͒. Since trifluoroacetic acid also dissociates into CF 3 COO − + H products ͓15͔, hydrogen elimination triggered off by electron attachment to a ‫ء‬ orbital could be a general DEA mechanism in carboxylic acids. The energies of LUMO and LUMO+ 1 for acetic, formic, and trifluoroacetic acids are given in Table  III , and the respective LUMO plots ͑obtained with McMolPlt ͓22͔͒ are shown in Fig. 5 . For the three molecules, the aЉ LUMOs have nodal planes, as expected, having similar shapes on the carboxyl moiety ͑C v O and O u H bonds͒.
IV. CONCLUSIONS
We computed elastic cross sections for low-energy electron collisions with acetic acid. Our results indicate the existence of a ‫ء‬ resonance ͑AЉ symmetry͒ around 1.7 eV, related to the experimental DEA peak yielding CH 3 COOH − + H through the hydrogen elimination mechanism previously proposed for formic acid ͑capture into a ‫ء‬ resonance diabatically coupled to a dissociative AЈ anion state͒. The present calculations do not support the existence of a AЈ resonance, though. Electronic structure calculations for acetic, formic, and trifluoroacetic acids suggest that the DEA mechanism triggered off by ‫ء‬ resonances could be a general property of carboxylic acids.
